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All neurodegenerative diseases are associated with oxidative stress-induced neuronal death. Forkhead box 03a (FOX03a) is a key 
transcription factor involved in neuronal apoptosis. However, how FOX03a forms complexes and functions in oxidative stress processing 
remains largely unknown. In the present study, we show that histone deacetylase 2 (HDAC2) forms a physical complex with FOX03a, 
which plays an important role in FOXO3a-dependent gene transcription and oxidative stress-induced mouse cerebellar granule neuron 
(CGN) apoptosis. Interestingly, we also found that HDAC2 became selectively enriched in the promoter region of the p21 gene, but not 
those of other target genes, and inhibited FOX03a-mediated p21 transcription. Furthermore, we found that oxidative stress reduced the 
interaction between FOXO3a and HDAC2, leading to an increased histone H4K16 acetylation level in the p21 promoter region and 
upregulated p21 expression in a manner independent of p53 or E2F1. Phosphorylation of HDAC2 at Ser 394 is important for the HDAC2- 
FOX03a interaction, and we found that cerebral ischemia/reperfusion reduced phosphorylation of HDAC2 at Ser 394 and mitigated the 
HDAC2-FOX03a interaction in mouse brain tissue. Our study reveals the novel regulation of FOX03a-mediated selective gene transcrip- 


tion via epigenetic modification in the process of oxidative stress-induced cell death, which could be exploited therapeutically. 
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Introduction 

Oxidative stress-induced neuronal death has been implicated as a 
crucial factor in neuronal diseases, including Alzheimer’s disease 
(AD), Parkinson’s disease, and stroke (Markesbery and Carney, 
1999; Jenner, 2003; Chong et al., 2005). The primary cause of 
oxidative stress is an imbalance between the production of reac- 
tive oxygen species (ROS) and the elimination of ROS by antioxi- 
dants. If excessive ROS production is induced due to aging, 
environmental changes or ischemia/reperfusion, this balance is lost, 
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damaging cells. Our earlier studies elucidated several pathways that 
respond to oxidative stress and mediate neuronal death (Lehtinen et 
al., 2006; Xiao et al., 2011; Liu et al., 2012; Xie et al., 2012). 

FOXO3a is an important transcription factor that is involved 
in the responses to oxidative stress, apoptosis, metabolism, mus- 
cle atrophy, lifespan, and other cellular processes (Brunet et al., 
2004; Sandri et al., 2004; Gross et al., 2008; Tao et al., 2013). The 
mechanism by which FOXO3a regulates its downstream genes 
varies depending on the cell type and the stimulus. Different 
conditions induce profound effects on FOXO3a activity and tar- 
get selection. The classical mechanism of FOXO3a activity regu- 
lation is mediated by the PI3K/AKT pathway (Brunet et al., 
1999). Acetylation and methylation of FOXO3a are also known 
to affect FOXO3a transcriptional activity (Wang et al., 2007; Cal- 
nan et al., 2012). Ubiquitination of FOXO by SKP2 decreases its 
stability (Huang et al., 2005). Recent reports have proposed that 
FOXO3a forms distinct complexes to differentially regulate its 
target genes (Li et al., 2010). The mechanism by which oxidative 
stress modulates the formation of FOXO3a complexes remains to 
be elucidated. 

It is well known that epigenetic modification regulates gene 
transcription. Histone acetyltransferases (HATs) and histone 
deacetylases (HDACs) are two classes of enzymes that modulate 
histone acetylation. Excessive HATs increase the histone acetylation 
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level, leading to chromatin remodeling, and therefore, enhanced 
transcription complex binding and gene transcription. HDACs 
reverse this process and silence gene transcription (Narlikar et al., 
2002). HDAC inhibitors (HDACis) kill cancer cells by promoting 
cell-cycle repressor and apoptotic gene expression (Richon et al., 
2000; Zhao et al., 2005; Khan and La Thangue, 2012). Interest- 
ingly, HDACis, such as trichostatin A and sodium butyrate, pro- 
tect neurons from oxidative stress in vitro and in vivo (Langley et 
al., 2008). Some evidence showed that the p53/PUMA signaling 
pathway contributes to the neuroprotective activity of HDACis 
(Uo et al., 2009; Brochier et al., 2013). The endogenous HDACi 
D-ßB-hydroxybutyrate was found to protect mice from oxidative 
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FOX03a interacts with HDAC1 and HDAC2. A, Suspended HeLa cells stably transfected with the p0Z-F0X03a expres- 
sion plasmid. A final concentration of 0 or 300 um H,0, was added to the medium for 12 h. The final HA-eluates from the nuclear 
fractions were resolved on a SDS-PAGE gel and silver-stained (left). Some of the identified FOX03a complex components based on 
mass-spectral analysis are listed on the right. B, 293T cells were transiently transfected with the GFP-FOX03a expression plasmid 
alone or together with the Flag-HDAC1 or Flag-HDAC2 expression plasmid, as indicated. Anti-Flag beads were used to immuno- 
precipitate the Flag-tagged proteins; anti-GFP and anti-Flag antibodies were used for immunoblotting. C, 293T cells were tran- 
siently transfected with the Flag-HDAC1 or Flag-HDAC2 expression plasmid. Cell lysates were incubated with the GST protein or a 
GST-tagged FOX03a P1—P5 protein fragment. The anti-Flag antibody was used for immunoblotting. D, 293T cells were transfected 
with the Flag-HDAC1 or Flag-HDAC2 expression plasmid. Twenty-four hours after transfection, 300 yum H,0, was added for 12h, as 
indicated. The anti-Flag antibody was added to immunoprecipitate the HDAC proteins; the anti-Flag and anti-FOX03a antibodies 
were used for immunoblotting. E, CGNs (7 DIV) were treated with 0 or 100 um H,0, for 1 h. Cell lysates were immunoprecipitated 
using an anti-FOX03a antibody or IgG, and an immunoblot was performed using the indicated antibodies. 


3xFlag vector (Sigma-Aldrich). All small hair- 
pin RNA (sh-RNA) fragments were inserted to 
the pLKO.1 vector between its EcoRI and Agel 
sites. The targeting sequence of each construct is 
listed as follows: 


Sh-FOXO: GAGCGTGCCCTACTTC 
AAGG; 

Sh-HDACI1-1#: GATGTTGGAAACTACT 
ATTAT; 

Sh-HDAC1-2#: GCAGATGCAGAGATTC 
AATGT; 

Sh-HDAC2-1#: CGAGCATCAGACAAAC 
GGATA; 

Sh-HDAC2-2#: CCCAATGAGTTGCCAT 
ATAAT; 


Sh-p53: GTACATGTGTAATAGCTCCTG. 

All mutations were generated using a Site- 
Directed Mutagenesis Kit (Stratagene). The 
primers used for mutagenesis were as follows: 

mHDAC2-rescue-F: 
5-AGAATTTCCATTCGAGCGAGCGATAAA- 
CGGATAGCTTGCGAT-3, mHDAC2-rescue-R: 5-ATCGCAAGCTAT 
CCGTTTATCGCTCGCTCGAATGGAAATTCT-3;, mHDAC2-S394A-mut- 
F: 5-GCTGTTCATGAAGACGCTGGAGATGAGGATGGA-3, mHDAC2- 
$394A-mut-R: 5-TCCATCCTCATCTCCAGCGTCTTCATGAACAGC-3; 

mHDAC2-S394D-mut-F: 5-GCTGTTCATGAAGACGACGGAGAT- 
GAGGATGGA-3, mHDAC2-S394D-mut-R: 5-TCCATCCTCATCTCC 
GTCGTCTTCATGAACAGC-3. 

Tandem affinity purification. The tandem affinity purification (TAP) 
assay was described previously (Wang et al., 2011). In brief, 8 L of sus- 
pended HeLa cells stably transfected with pOZ-Flag-HA-FOXO3a were 
collected and washed with cold phosphate buffer solution. The cells were 
treated with 45 ml of hypotonic buffer (10 mm Tris-HCl, pH 7.3, 10 mm 


1252 + J. Neurosci., January 21, 2015 + 35(3):1250-1259 


KCl, 1.5 mm MgCl,). They were homogenized, 
and the nuclear fraction was collected. The 
FOXO3a complex was immunoprecipitated 
from the nuclear extracts using anti-Flag 
(Sigma-Aldrich) and anti-HA beads (Santa 
Cruz Biotechnology) sequentially. Protease 
and phosphatase inhibitors were added to all of 
the solutions in this experiment. The final elu- 
ate from the anti-HA beads was digested using 
trypsin and subsequently analyzed via mass 
spectrometry. 

Cell culture, transfection, and cell death assay. 
The 293T and HT-22 cell lines were cultured 
in high-glucose DMEM (Invitrogen) supple- 
mented with 10% fetal bovine serum (Invitro- 
gen) and 100 U/ml penicillin/streptomycin. 
The cells were cultured in an incubator at 37°C 
supplied with 5% CO,. The 293T and HT-22 
cells were transfected using Lipofectamine 
2000 reagent (Invitrogen). The isolation and 
culture of cerebellar granule neurons was pre- 
viously described (Konishi et al., 2002). In 
brief, CGNs were obtained from 7-d-old 
C57BL/6 mice unless stated otherwise. After 
3 d in vitro (DIV), the CGNs were transfected 
as described previously (Konishi et al., 2002). 
Under these conditions, the plasmids were 
effectively cotransfected into the neurons. 
Transfected 6 DIV CGNs were treated with 
H,O, (60-100 um) diluted in DMEM imme- 
diately before use. After H,O, treatment for 
24 h, the neuronal apoptosis assay was per- 
formed using a Zeiss Imager D1 microscope as 
described previously (Xie et al., 2012). The 
neurons were classified as live or dead neurons 
according to the appearance of Hoechst 33258 
dye (Sigma-Aldrich) staining. GFP-positive 
neurons were counted in a blinded manner. In 
total, 150-200 cells per slide were counted for 
each experiment. 

Lentivirus packaging and production of stable 
sh-RNA-expressing cell clones. A pLKO.1 vector 
containing an sh-RNA sequence was cotrans- 
fected with VSV-G and pCMV-dR8.12 plas- 
mids into 293T cells. Viruses were collected 
from the supernatant at 36 and 72 h after trans- 
fection. Ultracentrifugation was performed to 
enrich the virus concentration. Stably knocked 
down HT-22 cell clones were established by in- 
fecting the cells with the corresponding lentivi- 
rus. A virus produced from the pLKO.1 empty 
vector was used to generate control cells. The cells 
were selected in complete medium containing 2 
pg/ml puromycin 24 h after infection. 

RNA extraction, reverse transcription, and 
quantitative real-time PCR. Total RNA was iso- 
lated from cells using TRIzol reagent (Invitro- 
gen), and reverse transcription was performed 
using the one step first strand cDNA synthesis 
kit (Transgen). Quantitative real-time PCR 
(qRT-PCR) was performed using 2X SYBR 
Green PCR master mix (Transgen) in an Agi- 
lent Mx3005P qRT-PCR system. The melting 
temperature profiles of the final products were 
used to ensure amplicon specificity. The rela- 
tive fold-change in the expression of each 
mRNA was calculated using the ddCt method 
relative to the expression of Gapdh. The qRT- 
PCR primers used are listed as follows: 
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Figure 2. HDAC2 knockdown inhibits H,0,-induced neuronal death. A, CGNs were cotransfected with pEGFP-N1 and pLKO- 


HDAC1-1#/2#, pLKO-HDAC2-1#/2# or the empty vector pLKO at DIV 3. The neuronal apoptosis assay was performed 24 h after H,0, 
(60—100 um) treatment at DIV 6. Hoechst 33258 was used for nuclear staining, as indicated. The anti-GFP antibody was used for 
signal enhancement. Apoptotic cells are denoted by yellow arrows, and surviving cells are denoted by white arrows. B, Statistical 
analysis of A. HDAC2 knockdown protected neurons from oxidative stress-induced apoptosis. (ANOVA, n = 4 for the control group; 
n = 3 for the HDAC1 and HDAC2 knockdown groups; *p < 0.05, **p < 0.01). C, CGNs were transiently transfected with pEGFP-N1 
together with the empty vector pLKO or pLKO-HDAC2—1# or the rescue vector HDAC2-Res as indicated. The neuronal apoptosis 
assay was performed as in A. HDAC2 knockdown protected neurons from apoptosis (ANOVA, n = 4 for the control and HDAC2 
knockdown groups, **p < 0.01), but it did not protect the cells transfected with the rescue vector (ANOVA, n = 4 for the 
rescue-treated group, p > 0.1). A representative result of three independent experiments is shown. D, Lysates of 293T cells 
transfected with an expression vector encoding FLAG-HDAC2 or HDAC2-Res together with the pLKO-HDAC2—1# or control pLKO 
plasmid were immunoblotted with the FLAG and GAPDH antibodies. E, CGNs were transiently transfected with pEGFP-N1 together 
with the empty vector pLKO, pLKO-HDAC2—1#, or Flag-HDAC1 as indicated. The neuronal apoptosis assay was performed as in A. 
Overexpression of HDAC1 did not reverse the protective effect of HDAC2 knockdown (ANOVA, n = 3 for each group; p > 0.1). F, 
CGNs were transiently transfected with pEGFP-N1 together with the empty vector pLKO, pLKO-HDAC2—1#, or pLKO-FOXO3a. The 
neuronal apoptosis assay was performed as in A. In CGNs with FOXO3a knocked down, HDAC2 knockdown did not protect CGNs 
from H,0,-induced apoptosis (ANOVA, n = 3 for each group; p > 0.1). A representative result of three independent experiments 
is shown. 
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Figure 3. The FOX03a acetylation and transcriptional activity levels are not directly affected by HDAC1 or HDAC2. A, The lysine 
sites of FOX03a might be affected by HDACs. B, C, GST-FOX03a P2 (B) and P3 fragments (C) were acetylated by PCAF in the presence 
or absence of Ac-CoA. The Flag-HDAC1, Flag-HDAC2, and Flag-SIRT1 proteins were purified from 293T cells transiently expressing 
the respective proteins using an anti-Flag antibody. Acetylated FOX03a was incubated in purified HDAC1, HDAC2, or SIRT1 (sup- 
plemented with NAD *). The anti-acetyl antibody was used for immunoblotting. D, 2937 cells were transfected with the GFP- 
FOX03a expression plasmid alone or together with the Flag-HDAC1, Flag-HDAC2, or Flag-SIRT1 expression plasmid. The anti-GFP 
antibody was used to enrich the FOX03a protein. The expression levels of the anti-acetylated FOX03a and total FOX03a proteins are 
shown. E, HT-22 cells were transiently transfected with 3xIRS, PR-TK together with the Flag-HDAC1, Flag-HDAC2, or Flag-FOX03a 
expression plasmid as indicated. The relative 3xIRS luciferase activity was analyzed using a dual luciferase reporter assay system. 
The data are presented as the mean + SEM. Firefly/Renilla luciferase activity was normalized to that of the control vector- 
transfected cells. No significant differences were detected between the control and HDAC1/2 groups with or without ectopic 
FOX03a expression (ANOVA, n = 3; p > 0.05). The ectopic expressed FOX03a protein level was blotted by anti-Flag antibody. F, 
Whole-cell extracts from HDAC1 or HDAC2 knockdown stable cells were resolved via SDS-PAGE; anti-HDAC1, anti-HDAC2, and 
anti-GAPDH antibodies were used for immunoblotting. G, HT-22 cells with HDAC1 or HDAC2 stably knocked down were transiently 
transfected with 3xIRS, PR-TK, and the Flag-FOX03a expression plasmid as indicated. The relative 3xIRS luciferase activity was 
analyzed using the dual luciferase reporter assay system. No significant difference was detected between the knockdown and 
control groups. The data are presented as the mean + SEM, and the firefly/Renil/a luciferase activity level was normalized to that 
of the control cells (ANOVA, n = 3; p > 0.05). The ectopic expressed FOX03a protein level was blotted by anti-Flag antibody. 
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mBcl6-realtime-F: © 5-CCGGCACGCTAG- 
TGATGTT-3; 
mBcl6-realtime-R: 
TCTAAACTGCT-3; 
mBim-realtime-F: 
CAAATGGTTAT-3, 
mBim-realtime-R: 
GACGGAAGAT-3; 
mbNIP3-realtime-F: 5-CTGGGTAGAAC- 
TGCACTTCAG-3, 

mbNIP3-realtime-R: 5-GGAGCTACTTC- 
GTCCAGATTCAT-3; 

mBtg1-realtime-F: 
GCGAGATCG-3, 

mBtg1-realtime-R: 
GGTAACCTG-3; 

mCcnd1-realtime-F: 5-GCGTACCCTGA- 
CACCAATCTC-3, 

mCcnd1-realtime-R: 5-CTCCTCTTCGC- 
ACTTCTGCTC-3; 

mCcnd2-realtime-F: 5-GAGTGGGAACT- 
GGTAGTGTTG-3, 

mCcnd?2-realtime-R: 5-CGCACAGAGCG- 
ATGAAGGT-3; 

mFasL-realtime-F: 
CCAACCAAA-3, 

mFasL-realtime-R: 5-GGGGGTTCCCTG- 
TTAAATGGG-3; 
mGadd45-realtime-F: 
GGACACGGTG-3, 
mGadd45-realtime-R: 5-TTATCGGGGT- 
CTACGTTGAGC-3; 
mGapdh-realtime-F: 
AACGGATTTG-3, 
mGapdh-realtime-R: 
TGGCAACA-3; 
mHdacl-realtime-F: 
CGAATCCG-3, 
mHdacl-realtime-R: 
AACGCAGGA-3; 
mHdac2-realtime-F: 
TCAAGGAGG-3, 
mHdac2-realtime-R: 
TGGGATGACC-3; 
mMnsod-realtime-F: 
TACGACTATGG-3, 
mMnsod-realtime-R: 
TTGAGATTGTT-3; 
mp21-realtime-F: 5-CCTGGTGATGTCC- 
GACCTG-3, 
mp21-realtime-R: 
zhyCGCAATC-3; 
mp27-realtime-F: 5-TCTCTTCGGCCCG- 
GTCAAT-3, 

mp27-realtime-R: 5-AAATTCCACTTGC- 
GCTGACTC-3. 

DNA pull-down assay. A quantity of 1 pm 
biotin-labeled DNA was incubated with 
streptavidin-coated beads (Millipore) at room 
temperature for 15 min with shaking in a solu- 
tion consisting of 5 mm Tris-HCl, pH 7.0, 0.5 
mM EDTA and 1 m NaCl. Then, the beads were 
incubated in 100 pl of the cell lysates (20 mm 
Tris-HCl, pH 7.4, 20 mm NaF, 150 mm NaCl, 
10% glycerol, 0.5% NP40) combined with 400 
pl of incubation buffer (50 mm Tris-HCl, pH 
7.0, 1 mm EDTA, 100 mm KCI, 5% glycerol, 
0.1% Triton X-100) for 3 h at 4°C. Protease 
inhibitors were added to the buffers before use. 


5-TGTCTTATGGGC- 


5-GAAGACCACCCT- 


5-TTCTCCATACCA- 


5-CCACCATGATAG- 


5-TGCGAATACAAC- 


5-TCCGTGAGTTCA- 


5-CCGAAAGGAT- 


5-AGGTCGGTGTG- 


5-GGGGTCGTTGA- 


5-TGAAGCCTCAC- 


5-GGGCGAATAG- 


5-ATGGCGTACAG- 


5-ATGAGGCTTCA- 


5-CAGACCTGCCT- 


5-CTCGGTGGCG- 


5-CCATGAGCGCAT- 
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Then, 6X SDS loading buffer for Western blot- 
ting was added, and the samples were boiled for 
electrophoresis. The primers used for the pull- 
down assay are listed as follows: 

mp21-FHRE-biotin-F: 5'-TTCAAGCTGTT 
TTICTCCCAAAGTAAACAGACAGACAATG 
TCACTTCTATC-3’; 

mp21-FHRE-biotin-R: 5’-GATAGAAGTG 
ACATTGTCTGTCTGTTTACTTTGGGAGA 
AAACAGCTTGAA-3’. 

Coimmunoprecipitation, GST pull-down as- 
say, and Western blot. The coimmunoprecipi- 
tation (co-IP), and GST pull-down protocols 
were previously described (Bi et al., 2010). The 
following antibodies were used: antibodies 
specific to Flag-M2 (Sigma-Aldrich), GFP (In- 
vitrogen), FOXO3a for Western blot, p53, HA, 
normal mouse and rabbit IgG (Santa Cruz 
Biotechnology), HDAC2 (Abcam), HDAC1 
(Beyotime), GAPDH (CW Biotech), pan-Acetyl 
(Millipore Bioscience Research Reagents), p21 
(BD Biosciences), HDAC2-P394 (Bioworld), and 
FOXO3a for immunoprecipitation (monoclonal 
antibody produced by Abmart). 

Luciferase reporter assay. The luciferase re- 
porter assay was performed using a dual lu- 
ciferase reporter assay kit according to the 
manufacturer’s instructions (Promega). The 
3xIRS luciferase sequence was previously de- 
scribed (Tang et al., 1999). 

Chromatin immunoprecipitation assay. The 
chromatin immunoprecipitation (ChIP) assay 
was performed using a Millipore ChIP assay kit 
according to the manufacturer’s protocol. The 
antibodies used were as follows: anti-HDAC2 
(Abcam), anti-H4K16ac (Millipore), and nor- 
mal rabbit IgG (Santa Cruz Biotechnology); 2 
wg of the specified antibody was used for each 
ChIP assay. (RT-PCR was performed to ana- 
lyze the enrichment of sequences in DNA sub- 
jected to ChIP. The primers used for ChIP are 
as follows: 

mBcl6-ChIP-F: 5-CTAGAGTATTAGGCA- 
CCACG-3, 

mBcl6-ChIP-R: 5-CGCCCCAACATAATT- 
GTCCC-3; 

mBim-ChIP-F: 5-GGGCGGGTACATTCT- 
GAGT-3, 

mBim-ChIP-R: 5-CAGCACAGGATGTCA- 
AAACT-3; 

mp21-ChIP-F: 5-GTAAAGGCACAGGAG- 
GTCAC-3, 

mp21-ChIP-R: 5-CAGCACAGGATGTCA- 
AAACT-3; 

mp27-ChIP-F: 5-ACGCATCGCTGCTAC- 
TACAG-3, 

mp27-ChIP-R: 5-CTTAGCCGACCTCAC- 
TACGG-3. 

In vitro acetylation and deacetylation assays. 
A total of 5 ug of the protein substrate was incu- 
bated in a solution containing 50 mm Tris-HCl, 
pH 8.0, 10% glycerol, 0.1 mm EDTA, and 1.0 mm 
DTT and 1 ug of GST-P300/CBP-associated fac- 
tor (PCAF) protein at 30°C for 1 h with or with- 
out 50 nM acetyl coenzyme A (Ac-CoA). 

After incubation, 1 ug of the acetylated pro- 
tein substrate was incubated in a solution con- 
taining 25 mm Tris-HCl, pH 8.0, 137 mm NaCl, 
2.7 mm KCl, 1 mm MgCl, and 1 yg purified 
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Figure 4. HDAC? is recruited to the p27 promoter by FOX03a and regulates p21 expression. A, Total RNA was extracted from 


HT-22 cells with HDAC1 or HDAC2 stably knocked down. The relative mRNA level was detected via qRT-PCR. The fold-change in the 
RNA level compared with pLKO empty cells was determined. B, HT-22 cells with FOX03a stably knocked down and control HT-22 
cells were subjected to ChIP using an anti-HDAC2 antibody. qRT-PCR was performed to detect the abundance of HDAC2 at the p27 
FHRE (top). The HDAC2 abundance was decreased due to FOX03a knockdown (Student's t test, n = 3; *p < 0.05). Lysates from 
FOX03a knockdown and pLKO-transfected control HT-22 cells were immunoblotted using anti-FOX03a and anti-GAPDH antibodies 
(bottom). C, Lysates from HT-22 cells with HDAC2 or FOX03a stably knocked down and pLKO control HT-22 cells were subjected to 
ChIP using an anti-H4K16ac antibody. The p27 promoter acetylation level was analyzed via qRT-PCR using primers specific to the 
p27 FHRE. HDAC2 knockdown (Student's t-test, n = 3, **p < 0.01) and FOX03a knockdown (Student's t-test, n = 3, *p < 0.05) 
promoted H4K16ac enrichment in the p27 promoter. D, HT-22 cells were treated with 0 or 300 xm H,0, for 1 h. Then, the samples 
were subjected to ChIP using the anti-HDAC2 antibody, which was followed by qRT-PCR analysis of the Bcl6, Bim, p21, and p27 
promoter FHRE regions. HDAC2 was specifically enriched in the p27 promoter (Student's t test, n = 3; *p < 0.05). E, HT-22 cells 
were treated with 0 or 300 ym H,0, for 1 h. Then, the samples were subjected to ChIP using an anti-H4K16ac antibody, which was 
followed by qRT-PCR analysis of the Bcl6, Bim, p21, and p27 promoter FHRE regions. The H4K16ac level was increased in the p27 
promoter (Student's t test, n = 3, *p < 0.05). F, Flow chart of the DNA pull-down assay for the p27 FHRE. G, 293T cells were 
transfected with the Flag-HDAC2 or Flag-FOX03a expression plasmid. The cells were treated with 300 yum H,0, for 1h before they 
were harvested, as indicated. The cell lysates were pulled down using the biotin-labeled p27 FHRE. Western blotting was per- 
formed using an anti-HDAC2 antibody. H, CGNs prepared from WT or p27 knock-out mice were transfected with pEGFP-N1 together 
with the pLKO-HDAC2—1# plasmid, as indicated. The neuronal apoptosis assay was performed as in Figure 2A. The neuronal 
protection of HDAC2 knockdown in p27 —‘~ CGNs was less than in WT CGNs (ANOVA, n = 4 for each group; *p < 0.05). 
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Figure 5. 


HDAC1/2 or SIRT1 at 30°C for 1 h. An additional 100 um NAD * was 
added to the purified SIRT1. Then, 6X SDS loading buffer was added to 
stop the reaction. The samples were boiled and subjected to Western blot 
analysis. 

Transient middle cerebral artery occlusion. Adult (8- to 12-week-old) 
male C57BL/6 mice weighing 20—25 g were used to establish the transient 
middle cerebral artery occlusion (tMCAO) model. Before and after 
surgery, the animals were provided with ad libitum access to food and 
water. The animals were anesthetized via intraperitoneal injection of 
avertin (250 mg/kg). The body temperatures were maintained at 37 + 
0.5°C using a feedback-regulated heating pad. Cerebral blood flow 
was measured via laser Doppler flowmetry. The surgery method was 
described previously (Zhao et al., 2013). Cerebral blood flow dropped 
to <20% of the baseline level after placement of the filament (0.22 
mm tip) and recovered to >70% after removal of the filament (1 h 
after ischemia). Twenty-four hours after tMCAO surgery, the mice 
were killed. The brains were sliced into 7 coronal sections at 1.0 mm 
intervals using a Brain Slicer Matrix. The third section was used for 
analysis. 

Statistical analysis. The intensities of the Western blot bands were 
determined using ImageJ software. Statistical analysis of the data were 
performed via one-way ANOVA followed by a Bonferroni multiple- 
comparisons test or via a Student’s t test using GraphPad Prism 5 soft- 
ware. The data are presented as the mean + SEM; *p < 0.05, **p < 0.01, 
***p < 0.001, or NS (no significant difference) denote the significance 
thresholds. 
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HDAC2 knockdown can induce p21 upregulation in a p53-independent manner, and neuronal protection occurs 
independently of p53 and E2F1. A, HT-22 cells with p53 stably knocked down and control cells were treated with DMSO or 2 um 
Ms-275 for 12 h. Total RNA was extracted, and the p27 mRNA level was detected. GAPDH served as a control. The p27 mRNA level 
was significantly higher when the cells in which p53 was knocked down were treated with Ms-275 (Student's ttest, n = 3;***p < 
0.001). B, HT-22 cell lines were treated as in A, and cell lysates were resolved on an SDS-PAGE gel and analyzed (top). The statistical 
analysis of the protein level is shown in the bottom panel. In the cells in which p53 was knocked down as well as in the control cells, 
Ms-275 increased the p21 protein level (Student's t test, n = 3; **p < 0.01). C, CGNs were transfected with pEGFP-N1 together 
with pLKO-HDAC2—1#, pLKO-p53, and pLKO-FOX03a, as indicated. A neuronal apoptosis assay was performed. Knocking down 
HDAC2 still protected the CGNs in the p53 knockdown groups (ANOVA, n = 4; ***p < 0.001). When FOX03a was knocked down, 
HDAC2 RNAi could not protect the cells. (ANOVA, n = 3; p > 0.1). D, CGNs prepared from E2F7 Ea p53 ~/~ mice were 
transfected with pEGFP-N1, together with pLKO-HDAC2—1#, and this step was followed by a neuronal apoptosis assay and analysis 
as in Figure 2A. HDAC2 knockdown protected CGNs from apoptosis (Student's t test, n = 3; *p < 0.05). 
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Results 
-~ © FOXO3a interacts with HDAC1 
al and HDAC2 


To identify the proteins that interact with 
FOXO3a in response to oxidative stress, 
we performed a TAP assay. We found that 
some proteins associated with histone 
modification, including HDAC1 and 
HDAC2, interact with FOXO3a (Fig. 1A). 
Then, we performed a co-IP assay to con- 
firm the interactions between HDAC1/2 
and FOXO3a. Under ectopic expression 


ek 


** 


a a j conditions in 293T cells, both HDAC1 

and HDAC2 formed a complex with 

j Y FOXO3a (Fig. 1B). To determine the re- 

p53  E2F1 gion of FOXO3a that is responsible for its 

P association with HDAC1/2, the FOXO3a 
Em] 


sequence was divided into five parts with- 
out overlapping as described previously 
(Lehtinen et al., 2006), and these frag- 
ments were subjected to a GST pull-down 
assay (Fig. 1C). We found that GST- 
FOXO3a P5 was the primary region re- 
sponsible for the association between 
FOXO3a and HDAC1/2. 

Based on the TAP assay, we found that 
the number of peptide hits of HDAC1 and 
HDAC2 was dramatically decreased after 
H,O, treatment (Fig. 1A). To confirm this 
result, we conducted co-IP experiments. 
The binding between HDAC1/2 and 
FOXO3a was also reduced in 293T cells 
following exposure to H,O, (Fig. 1D), in- 
dicating that oxidative stress disrupts the 
interaction between the FOXO3a and 
HDAC1/2 proteins in cells. We also de- 
tected an interaction between endoge- 
nous HDAC1/2 and FOXO3a in CGN 
cells (Fig. 1E). Together, these data sug- 
gest that FOXO3a interacts with HDAC1 and HDAC2 and that 
these interactions are affected by oxidative stress. 


- + 


HDAC2 knockdown inhibits H,O,-induced neuronal death 

FOXO3a is known to mediate neuronal death (Lehtinen et al., 
2006), and FOXO3a binding partners may participate in neuro- 
nal apoptosis. To determine whether HDAC1 and HDAC2 are 
involved in regulating H,O;-induced neuronal death, we per- 
formed an apoptosis assay using CGNs. Although HDAC] and 
HDAC2 are conserved proteins that display high sequence and 
functional similarities, we found that HDAC1 knockdown did 
not affect neuronal apoptosis, whereas HDAC2 knockdown sig- 
nificantly protected neurons from H,O,-induced apoptosis (Fig. 
2 A,B). These results indicated that HDAC2 plays an important 
role in H,0,-induced neuronal apoptosis. Furthermore, we 
found that the protective effect of HDAC2 knockdown in H,O,- 
induced CGN apoptosis was completely reversed by the overex- 
pression of the rescue form of HDAC2, which is completely 
resistant to HDAC2 RNAi (Fig. 2C,D). To further evaluate 
whether HDAC1 and HDAC2 are functionally replaceable, we 
ectopically expressed HDAC1 in CGNs with HDAC2 knocked 
down (Fig. 2E) and found that the expression of HDAC1 did not 
reverse the protective effect of HDAC2 knockdown. These results 
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indicate that HDAC1 and HDAC2 are not 
redundant with respect to the regulation of 
oxidative stress-induced apoptosis. 

Consistent with our previous findings 
(Xie et al., 2012), FOXO3a knockdown 
significantly attenuated H,O,-induced 
neuronal apoptosis. Interestingly, knock- 
down of both FOXO3a and HDAC2 did 
not result in an additional protective benefit 
against H,O, compared with knockdown of 
FOXO3a alone (Fig. 2F). In contrast, 
FOXO3a knockdown partially ameliorated 
the protection provided by HDAC2 knock- 
down, suggesting that FOXO3a is impor- 
tant for the HDAC2-mediated regulation of 
CGN apoptosis. Together, these results sug- 
gest that HDAC2, but not HDACI, regu- 
lates H,O,-induced CGN apoptosis via the 
FOXO3a protein. 


The FOXO3a acetylation and artificial 
transcriptional activity levels are not 
affected by HDAC1 or HDAC2 directly 
The finding that the interaction between 
HDAC2 and FOXO3a regulates CGN ap- 
optosis led us to study the molecular 
mechanism underlying this HDAC1/2- 
FOXO3a interaction. Previous reports 
have shown that FOXO3a can be acety- 
lated by HATs, such as p300, CBP, and 
PCAF, which affects FOXO3a transcrip- 
tional activity (Brunet et al., 2004; van der 
Heide and Smidt, 2005). Class I HDACs 
deacetylate both histones and nonhistone 
proteins, such as p53 (Brandl et al., 2012). 
To determine whether HDAC1 and 
HDAC2 deacetylate FOXO3a directly, we 
performed an in vitro deacetylation assay. 
The acetylation sites of FOXO3a are con- 
served and predominantly located in P2 
and P3, including the sites K241 and K244 
(Fig. 3A; Greer and Brunet, 2005). The 
recombinant P2 and P3 fragments of 
FOXO3a were incubated in PCAF and 
Ac-CoA to add the acetyl group to the 
FOXO3a proteins. Then, purified HDAC1 or 
HDAC2 was added to the reaction mixture. 
SIRT1, a Class III HDAC, served as a pos- 
itive control (Brunet et al., 2004). We 
found that HDAC1 and HDAC? failed to 
deacetylate the FOXO3a proteins but that 
SIRT1 removed the acetyl group from 
FOXO3a P2 (Fig. 3B,C). We also mea- 
sured the acetylation level of FOXO3a in 
cells. In agreement with the in vitro re- 
sults, the FOXO3a acetylation level was 
not decreased due to coexpression with 
HDAC2. There is a modest increase of 
FOXO3a acetylation might be due to 
unknown indirect effect of HDAC1 over- 
expression. However, the data clearly 
showed that not like SIRT1, HDACI1, and 
HDAC2 could not deacetylate FOXO3a 
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Figure 6.  HDAC2 phosphorylation at $394 is important for the HDAC2-FOX03a interaction. A, HT-22 cells were treated with 300 pum 


H,0, for 1h. The cell lysates were immunoblotted using an anti-HDAC2-p394, anti-HDAC2, or anti-GAPDH antibody. B, Brain lysates of the 
contralateral and ipsilateral hemispheres from MCAO model mice were resolved on a SDS-PAGE gel and immunoblotted using anti- 
HDAC2—p394, anti-HDAC2, and anti-GAPDH antibodies. Representative results of six independent mice are shown. C, Statistical analysis of 
B (Student's ttest, n = 6, *p < 0.05). D, Brain lysates as in B were immunoprecipitated using an anti-FOX03a antibody or normal mouse 
IgG. Anti-HDAC2 and anti-FOX03a antibodies were used for immunoblotting. Representative results of three mice are shown. E, The 
Flag-HDAC2 WT, or S394A or $394D expression plasmids together with the GFP-FOX03a plasmid were transiently transfected into 293T 
cells. Twenty-four hours after transfection, the cell lysates were immunoprecipitated using an anti-Flag antibody. Anti-GFP and anti-Flag 
antibodies were used for immunoblotting. F, 293T cells were transfected with the Flag-HDAC2 WT or 394A or $394D expression plasmid 
together with the GFP-FOX03a plasmid. Then, the DNA pull-down assay was performed using biotin-labeled p27 FHRE DNA. The ratio of 
HDAC2/FOXO3a abundance was calculated. G, HT-22 cells were transfected with Flag-HDAC2 WT or $394D expression plasmid. Thirty-six 
hours after transfection, cells were harvested. The mRNA level of p27 and Bim were analyzed. HDAC2 $394D repressed p27 expression 
(Student's ttest,n = 3; *p < 0.05), whereas Bim level remains no change (Student's ttest, n = 3; p > 0.1). H, CGNs were transfected with 
pEGFP-N1 together with Flag-HDAC2 WT, $394D mutation or control vector as indicated. A neuronal apoptosis assay was performed. 
Ectopic HDAC2 $394D promotes oxidative stress-induced neuron apoptosis. (ANOVA, n = 3; *p < 0.05). I, HT-22 cells were treated with 
300 pum H,0, or 20 jam TBCA for 6 h. The cell lysates were immunoprecipitated using an anti-FOX03a antibody or IgG, followed by an 
immunoblot using the indicated antibodies. J, K, HT-22 cells were treated with 20 pam TBCA for 6 h. Fixed cell lysates were immunoprecipi- 
tated using an anti-HDAC2 (J) or anti-H4K16ac antibody (K). qRT-PCR was performed. The relative abundance of HDAC2 (J; Student's ttest, 
n = 3;***p < 0.001) and H4K16ac (K; Student's t test, n = 3; *p < 0.05) was calculated. L, Model of the mechanism by which HDAC2 
phosphorylation at $394 mediates the suppression of p21 expression via FOX03a. 
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OFF 


protein in cells. Together, these data suggest 
that neither HDACI nor HDAC2 deacety- 
lates the FOXO3a protein. 

Furthermore, an artificial FOXO lu- 
ciferase reporter assay revealed that ectop- 
ically expressed HDAC1/2 did not affect 
FOXO-mediated luciferase reporter activ- 
ity in HT-22 cells, which are derived from 
mouse hippocampal cells (Fig. 3E). Simi- 
larly, knockdown of HDAC] or HDAC2 did 
notalter FOXO3a overexpression-induced lu- 
ciferase activity in HT-22 cells (Fig. 3 F, G). To- 
gether, these results indicate that HDAC1/2 
does not directly deacetylate FOXO3a or alter 
its transcriptional activity. 


HDAC2 is recruited to the p21 
promoter by FOXO3a and regulates 

p21 expression 

To elucidate the mechanism of HDAC2 
knockdown-mediated neuroprotection, 
we measured the mRNA levels of several 
putative FOXO3a target genes in HT-22 
cells in which HDAC1 or HDAC2 was stably knocked down 
(Greer and Brunet, 2005). We found that the mRNA levels of 
several genes associated with apoptosis and the cell cycle were 
significantly increased (Fig. 4A). Because we found that 
HDAC1/2 did not directly affect the transactivation of FOXO3a, 
we hypothesized that FOXO3a might act as a recruiter of HDAC2 
to the specific gene promoter region, inducing a change in his- 
tone acetylation (Karadedou et al., 2012; Keniry et al., 2013). 
First, we performed a ChIP assay using an anti- HDAC2 antibody 
to examine the abundance of HDAC2 in the promoter region of 
p21, an important target of FOXO3a (Seoane et al., 2004). When 
FOXO3a is knocked down, the enrichment of HDAC2 is de- 
creased on p21 Forkhead response element (FHRE) (Fig. 4B). 
Histone 4 lysine 16 (H4K16) is a site that is regulated by HDAC2 
(Miller et al., 2010). The H4K16 acetylation level of the p21 FHRE 
was increased due to HDAC2 or FOXO3a knockdown (Fig. 4C). 
In agreement with our finding that oxidative stress inhibits the 
interaction between FOXO3a and HDAC1/2 (Fig. 1D), we also 
detected a decrease in HDAC2 binding to the p21 promoter fol- 
lowing H,O, treatment (Fig. 4D). Interestingly, the interactions 
between HDAC2 and the FHREs of Bcl6, Bim, and p27 were not 
affected by H,O, treatment. In agreement with this result, oxida- 
tive stress enhanced the p21 FHRE acetylation level but not that of 
other FHREs (Fig. 4E). Among the putative FOXO3a targets, only 
HDAC2-mediated p21 expression was affected by H,O, treat- 
ment and the regulation is dependent on FOXO3a, arguing that 
FOXO3a dynamically recruits HDAC2 to p21 promoter and reg- 
ulates its expression in response to oxidative stress. The other 
targets including Bcl6, Bim, and p27 were increased upon HDAC2 
knockdown, indicating there might be other regulatory pathway 
that is HDAC2 dependent, but FOXO3a independent in the tran- 
scriptional regulation of these genes. Next we performed an in 
vitro DNA pull-down assay (Fig. 4F, G). The interaction between 
HDAC2 and the p21 FHRE was promoted by FOXO3a, whereas 
H,O, treatment attenuated this binding (Fig. 4G). To determine 
whether p21 contributes to the protective effect of HDAC2 defi- 
ciency, we knocked down HDAC2 in p21 ~’ CGNs (Fig. 4H). The 
protective effect of HDAC2 knockdown was partially attenuated in 
p21" CGNs compared with the wild-type control. These results 


Figure 7. 
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Working model by which oxidative stress regulates p21 expression via the HDAC2-FOX03a complex. In “OFF” state, 
HDAC2 is recruited by FOX03a and selectively enriched in p21 promoter region, which causes the hypoacetylation levels of histone 
and inhibits p21 transcription. In “ON” stage, the reduced interaction of HDAC2-FOX03a by oxidative stress in p27 promoter region 
or HDAC inhibition increases histone acetylation and promotes p21 expression, which protects neuron from oxidative stress- 
induced neuronal cell death. (4 stands for inhibit and — stands for promote). 


suggest that p21 plays a role in HDAC2 knockdown-induced neuro- 
protection, and they demonstrate that HDAC2 and p21 play an im- 
portant role in the FOXO3a-dependent regulation of H,O,-induced 
neuronal death. 


HDAC2 knockdown induces p21 upregulation in a p53- 
independent manner, and HDAC2 knockdown-mediated 
neuronal protection occurs independently of p53 and E2F1 
p53 isa known p21 regulator that participates in oxidative stress- 
induced apoptosis. Therefore, we investigated whether HDAC2 
knockdown-induced protection is p53-dependent. We found 
that the Class I HDAC inhibitor Ms-275 promoted p21 expres- 
sion at both the mRNA and protein levels in HT-22 cells with p53 
knocked down (Fig. 5A,B). HDAC2 knockdown significantly 
protected CGNs after p53 knockdown (Fig. 5C). 

A previous study revealed a HDAC-E2F1-Bim axis that affects 
apoptosis (Zhao et al., 2005). We performed the apoptosis assay 
using p53/E2F1 double-knock-out CGNs and obtained similar 
results to those using wide-type (WT) CGNs (Fig. 5D). We found 
that Class I HDACs upregulate p21 expression in a p53- 
independent manner and that HDAC2 knockdown protects 
CGNs from oxidative stress-induced apoptosis via a mechanism 
that occurs independently of p53 and E2F1. 


HDAC2 phosphorylation at $394 is important for 

the HDAC2-FOX03a interaction 

HDAC2 phosphorylation at $394 has been shown to affect the 
binding affinity of HDAC2 to the transcription factor KIf5 
(Zheng et al., 2011). We investigated the hypothesis that the 
HDAC2-FOXO3a interaction is affected by oxidative stress- 
mediated dephosphorylation of HDAC2 at $394. Oxidative stress 
diminished the phosphorylation level of HDAC2 at $394 in 
HT-22 cells and in mice (Fig. 6A—C). A co-IP assay revealed that 
the interaction between FOXO3a and HDAC2 is weakened in the 
brain following ischemia/reperfusion (Fig. 6D). 

Next, we examined whether the HDAC2—FOXO3a interac- 
tion is associated with the phosphorylation of HDAC2 at $394. 
HDAC2 S394A mutation (mimicking the nonphosphorylated 
state) abolished the HDAC2—-FOXO3a interaction, whereas 
HDAC2 $394D mutation (mimicking the consistent phosphory- 
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lation) increased the interaction (Fig. 6E). In accordance with the 
co-IP result, the p21 FHRE displayed a tendency to bind to WT 
HDAC2 or HDAC2 $394D mutation, whereas its binding affinity 
to the $394A mutant was reduced (Fig. 6F). Because HDAC2 
S394D showed a stronger interaction with FOXO3a, we next 
tested whether expression of p21 is repressed by overexpression 
of HDAC2 S394D (Fig. 6G). The mRNA level of p21 was de- 
creased when HDAC2 S394D was overexpressed. Interestingly, 
the Bim mRNA level is not altered, indicating the HDAC2- 
mediated inhibition is specific to p21. In agreement with these 
results, the CGNs ectopically expressed HDAC2 S394D were sen- 
sitive to oxidative stress (Fig. 6H). 

S394 of HDAC2 has been reported to be primarily phosphor- 
ylated by casein kinase 2 (CK2; Adenuga and Rahman, 2010; Eom 
et al., 2011). In HT-22 cells, treatment with the CK2 inhibitor 
TBCA significantly disrupted the HDAC2—FOXO3a interaction 
(Fig. 6I). This result indicated that HDAC2—FOXO3a depends 
on CK2-mediated phosphorylation. In accordance with this re- 
sult, HDAC2 dissociated from the p21 FHRE following TBCA 
treatment (Fig. 6J), and the H4K16ac level of the p21 FHRE was 
increased (Fig. 6K). Therefore, the HDAC2—FOX0O3a interaction 
is dependent on CK2-mediated phosphorylation of HDAC2 at 
S394, which is affected by oxidative stress (Fig. 6L). 


Discussion 

In this study, we demonstrated that the HDAC2-FOXO3a com- 
plex responds to oxidative stress and mediates neuronal apopto- 
sis via epigenetic modification. FOXO3a recruits HDAC2 to the 
p21 promoter and deacetylates neighboring histones, reducing 
p21 expression (Fig. 7, top). Oxidative stress abolishes the inter- 
action between HDAC2 and FOXO3a, thus increasing the his- 
tone acetylation level of the p21 promoter and upregulating p21 
mRNA expression, but not the other putative FOXO3a targets. 
Similarly, HDAC inhibition led to histone hyperacetylation at the 
p21 promoter and increased p21 expression (Fig. 7, bottom). 
Furthermore, we elucidated that the $394 phosphorylation of 
HDAC2 is important for the FOXO3a—HDAC2 interaction and 
regulation of p21 expression (Fig. 6L). Together, we identified 
HDAC2-p21 pathway that is important for oxidative stress- 
induced neuronal death. 

The mechanism by which p21 protects cells from apoptosis has 
been elucidated. For example, p21 binds to apoptosis signal- 
regulating kinase-1 and caspase-3 in the cytoplasm, thereby protect- 
ing neurons from oxidative stress-induced apoptosis (Langley et al., 
2008). Alternatively, p21 acts as a cell cycle repressor, potentially 
preventing cell-cycle re-entry and protecting neurons from apoptosis 
(Klein and Ackerman, 2003; Herrup et al., 2004; Kruman et al., 2004). 

Recent reports suggest that HDACs are potential therapeutic 
targets for neurological diseases, including AD and stroke. For 
example, in ischemic stroke, HDAC inhibition decreased the in- 
farct volume and improved neurologic function in rodents (Lan- 
gley et al., 2009; Kilgore et al., 2010). We propose an important 
mechanism underlying the neuroprotection provided by HDAC 
inhibition. (Biswas et al., 2005). 

In the present study, we also found that HDAC1 and HDAC2 
exhibit distinct effects on neuronal death. Several reports have 
shown that these two similar enzymes function differentially in 
neurological diseases. In AD patients, HDAC2, but not HDAC1 
or HDAC3, is upregulated in the brain, thus mediating cognitive 
dysfunction (Gräff et al., 2012). HDAC2, but not HDACI, has 
been demonstrated to negatively regulate synaptic plasticity and 
memory formation (Guan et al., 2009). In addition, HDAC1 knock- 
down causes DNA damage-related neuronal death, whereas 
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HDAC2 knockdown does not induce neuronal toxicity (Kim et al., 
2008). These results, in combination with our findings, suggest that 
HDAC2, but perhaps not other HDACs, plays an important role in 
oxidative stress-induced neuronal apoptosis and may be exploited as 
a therapeutic target for neurological diseases. 

Interestingly, a recent study demonstrated that DAF-16, the 
FOXO3a homolog in Caenorhabditis elegans, employs the SWI/ 
SNF complex to manipulate chromatin remodeling, thereby reg- 
ulating the expression of its target genes (Riedel et al., 2013). 
Based on our TAP results regarding FOXO3a, we identified a set 
of proteins that participates in histone modification, including 
EP300, a histone acetyltransferase (Ogryzko et al., 1996). These 
proteins may cooperatively regulate the acetylation balance of 
histones and epigenetically control gene expression by interacting 
with FOXO3a. We also found that phosphorylation of HDAC2 dy- 
namically regulates the HDAC2—FOXO3a interaction. CK2, a kinase 
responsible for HDAC2 phosphorylation, is considered as an impor- 
tant regulator of the HDAC2 and FOXO3a interaction. Interest- 
ingly, it has been reported that CK2 is modulated by oxidative stress 
and its subunit is decreased in the ischemic brain (Kim et al., 2012). 
Our findings suggest that CK2-mediated HDAC2 phosphorylation 
affects the HDAC2—FOXO3 interaction, and CK2 inhibitors could 
potentially be used for neuroprotection. 

In summary, our study elucidates the mechanism by which 
HDAC2 physically interacts with FOXO3a and differentially reg- 
ulates the expression of FOXO3a target genes under oxidative 
stress conditions, thus mediating oxidative stress-induced apo- 
ptosis (Fig. 7). Therefore, HDAC2 may be a potential therapeutic 
target for neuronal apoptosis-related diseases, including stroke 
and neurodegenerative diseases. 
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